Abstract-This paper presents a new active anti-islanding detection method for distributed power generation systems. This method is based on introducing a disturbance at the inverter output and observing the behaviour of the voltage at the point of common coupling (PCC), which depends on the impedance connected to the PCC in an islanding situation.
INTRODUCTION
The condition of "Islanding" in a distributed power generation system is an electrical phenomenon which occurs when the energy supplied by the power grid is interrupted and the distributed generators (DGs) continue energizing some or the entire load. Thus, the power grid stops controlling this isolated part of the distribution system, which contains both loads and generation, so that security, restoration of service and reliability of the equipment may be compromised [1] [2] .
The main idea to detect an Islanding situation is to supervise the DGs output parameters and/or other system parameters in order to determine if changes indicating an islanding condition have occurred. Islanding detection techniques can be divided into remote and local ones, whereas the latter techniques are divided into passive and active ones, as shown in Fig. 1 [3] .
Before defining the different methods of islanding detection, it is important to highlight two key features in order to understand the islanding phenomenon. The first one is associated with the so-called "Non-detection zone" (NDZ). NDZ can be defined as the range (in terms of the power difference between DG inverter and load or load parameters) in which an islanding detection scheme under test fails to detect this condition [4] . The second one is associated with the type of loads (potential loads inside an isle), which can be modelled as a parallel RLC circuit. This circuit is primarily used because it raises more difficulties for islanding detection techniques than others. Generally, non-linear loads that produce current harmonics, or constant power loads do not represent difficulties for islanding detection [5] .
The passive techniques are based on islanding detection through monitoring of parameters such as voltage, current, frequency and/or their characteristics. Those techniques interrupt the inverter operation when there is a transition beyond the limits established for these parameters. They have the advantage of not worsening the quality of power, but exhibit a considerable NDZ. The main passive techniques are:
-Over/under-voltage and over/under-frequency [5] , [6] -Phase Jump Detection [5] , [7] -Detection of voltage and current harmonics [4] , [5] , [8] . -Detection based on state estimators [9] The active techniques intentionally introduce disturbances at the output of the inverter to determine if they affect voltage, frequency and impedance parameters, in which case it is assumed that the grid has been disconnected and the inverter is isolated from the load. Active techniques have the advantage of remarkably reducing or even eliminating the NDZ, but in order to achieve their purpose they may deteriorate the quality of the grid voltage or even cause instability. Among the active techniques can be found: -Impedance measurement [5] , [10] , [11] -Harmonic injection/detection of impedance [12] -Sliding Mode Frequency Shift (SMS) [13] , [14] -Active Frequency Drift (AFD) [5] , [13] [5] . -Variation of active power and reactive power [4] , [18] , [19] -General Electric Frequency Schemes (GEFS) [14] , [19] Other detection techniques are based on communication between the grid and the DGs. They are more reliable than the local techniques but more expensive to implement and, therefore, less profitable. Here are some of these techniques. -Impedance Insertion [5] , [20] -Power Line Carrier Communications [5] , [21] , [22] -Signal Produced by Disconnect [5] -Supervisory Control and Data Acquisition (SCADA) [5] , [23] , This paper presents a new active technique to detect islanding.
SINGLE PHASE INVERTER
The Fig. 2 shows the block diagram of the control structure of the implemented inverter. The system used for the study is a grid-connected photovoltaic single-phase inverter of 6kVA, switching at 20kHz with bipolar sinusoidal PWM [28] .
The DC-link voltage reference is provided by a maximum power point tracking (MPPT) algorithm developed by a P&O method [24] . The DC-link voltage control is performed by a PI controller. A feedforward term, I ref *
, of the active power that can be delivered by the Distributed Generator, calculated by (1) , is added to the output of the PI DC-link voltage controller, I F , resulting in the peak value of the reference for the current loop, I ref .
The current loop reference is synchronized with the fundamental component of the grid voltage at the PCC by means of a phase locked loop in the synchronous reference frame (dqPLL) [11] [25] .
The current controller was implemented by means of a harmonics compensator [26] in order to comply with the standard IEEE 929-2000 [27] in terms of both the current THD (THD i ) and the individual limits of harmonics.
The inverter is fed by a set of 28 photovoltaic (PV) panels of 220W each one, arranged in two parallel connections of 14 series panels. The PV arrangement provides a DC-link voltage of around 400V at the maximum power point (MPP), high enough for injecting to the grid (230V RMS , 50Hz) without the need of a step-up transformer.
For performing the simulations, the PV array has been modelled as a current source dependent of the incoming irradiance, inserting the I-V curves of the panels as a function of the irradiance by means of a table. During islanding operation, the worst condition is presented when the output voltage in the inverter is 230V RMS and the frequency is 50Hz, for the nominal load.
ANTISLANDING METHOD
The proposed method is based on the addition of a current harmonic to the inverter current reference [12] . The perturbation is generated by the modificating the phase signal of the PLL, so that the angle of the inverter current reference, θ INV , is changed according to (2) . The scheme of the PLL perturbation is shown in Fig 3. ·cos( )
, where k is the rate of disturbance introduced into the system. Fig 4 shows the waveform of θ INV for k=0.1. The effect of (2) is to modify the inverter output current waveform, introducing a second harmonic, as it will demonstrated in the following.
The injected signal waveform is defined by (3):
The resulting inverter current phase reference is given by (4):
Applying the trigonometric rule (5) to (4) it results (6):
Assuming that k<<1 the approximation (7) results, which can be applied to (6) resulting in (8).
Taking into account (9), we can rewrite (8) as (10): As it is demonstrated by (10), the addition of a term ·cos FPLL k θ to FPLL θ as in (4) for small values of k (k<<1), results on a second harmonic in the inverter current reference signal.
As a result, a small distortion of the inverter current reference is expected, as shown in Fig.4 .
Note that the inverter current reference waveform is not affected in the zero crossings, whereas its peak values are shifted in time but not modified.
When the grid is connected, the voltage at the PCC is imposed by the grid and its waveform is not altered. When the grid is not present (islanding situation), the PCC voltage will follow the waveform of the current injected by the inverter. The proposed islanding detection method is based on measuring the deformation of the PCC voltage waveform. This deformation can be quantified by measuring the time difference between the actual peaks of the PCC voltage waveform and the ideal ones. The peaks of the PCC voltage with the grid connected will be found centered between each zero crossing, in spite of the common odd harmonics of the grid voltage.
In Fig. 6 the voltage waveform has been deformed with a small second harmonic (k=0.1). The peak is left shifted with respect to a perfect sine wave. The time difference between the central value between zero crossings and the time when the actual peak voltage occurs can be measured. If this time difference is higher than a certain threshold, an islanding condition is detected.
The PLL output signal is the phase of the voltage to be synchronized. This signal is available in the control algorithm.
In our control system the current reference is multiplied by the cosine of the PLL phase, so that the zero crossings correspond to θ FPLL =π/2 and 3π/2, whereas in a grid connection situation the positive and negative peaks correspond to 2·π (0) and π, respectively. For the detection of the peak values of the PCC voltage from the PLL phase, θ FPLL , the time instants when θ FPLL = π and 2π are measured and subtracted from T/2 and T, respectively, being T the PCC voltage period. The absolute value of the time difference measured in each half-cycle, called D (see Fig. 6 ), is low pass filtered (10Hz), yielding an averaged variable (Mean Value, MV) that gives an idea of the deformation of the PCC voltage that occurs in an islanding situation.
A threshold has been established for comparison with the value of the MV variable that will determine whether the system is or not in an islanding situation. This threshold is defined as a percentage deviation, which is later transformed into a time value.
The time difference, D, between the peaks of the ideal and the distorted PCC voltage signal can be calculated from (11) to (16):
The t value, T value and k value are given in milliseconds. For f=50Hz and k=0.05 it results (16):
The time value obtained from (16) can be expressed as a percentage of the time corresponding to one fourth of the grid period, called % D (17) .
If k=0.05 is taken, it results D%=0.549% The existing deviation of the inverter current reference between PCC voltage peaks is 0.5% in time; therefore, a lower threshold will be set to detect the deviation in islanding case. Besides, an improvement is introduced to provide robustness to the detection system: a delay is programmed for verification of the islanding status to prevent from false islanding detection in the presence of transients or noise in the measurements. When the averaged variable (MV) exceeds the threshold, this condition must be maintained for a period of time of 100ms (corresponding to 5 grid cycles) before disconnection from the PCC, in order to guarantee that the islanding has been really produced, and that additionally the time does not exceed the standard set by IEEE 929-2000. The algorithm of the proposed islanding detection method scheme can be seen in Fig.8 .
The advantages of this method are: -The measurement of a magnitude does not depend on transients.
-Simplicity of the algorithm.
-Does not affect the MPPT.
-Insignificant perturbation in steady state, witch does not affect the grid stability. The inverter injects neither significant current harmonics nor reactive power.
-No NDZ.
-Similar results with any type of load (R, RLC, non linear …).
-Small detection times (less than 200ms), complying with the time set by the IEEE Std. 929 (Maximum trip time = 120 cycles).
Two drawbacks of the proposed method can be pointed out: 1) a small 2 nd current harmonic is injected to the grid by the inverter, and 2) excessive voltage harmonics at the PCC may cause false detections. This method exhibits problems with a 5th harmonic distortion of the PCC voltage higher than 5.5%.
SIMULATION RESULTS
This section presents simulation results of the above method. These simulations were conducted in PSIM TM software [29] and tested on the PV inverter and grid, both described in section II. The simulated inverter is operating in closed loop with an MPPT algorithm. The tests follow the requirements of the IEEE 929-2000 standard for islanding detection. In particular parallel RLC loads with a high Q factor often present problems for island detection. The quality factor Q is defined as:
Simulations have been conducted with a duration of one second, with grid disconnection at the instant t = 500ms. The loads under test have been an RLC parallel load with Q=2.5 (R= 8.5877Ω, L= 10.93415mH, C= 926.648uF, Q=2.5 ) and a purely resistive load (R=8.5877Ω).
Several simulations have been performed with different harmonics at the PCC voltage. Specifically, three different situations have been simulated: 1) an ideal purely sinusoidal grid voltage, 2) a grid with a 5% third harmonic voltage distortion, and 3) a grid voltage with a 5% fifth harmonic distortion. Fig. 8 shows the simulation results with an RLC load with an ideal purely sinusoidal grid voltage. In the upper graph it is represented the PCC voltage evolution. The central graph shows the time in which islanding occurs and when the proposed method detects it. The bottom graph represents the evolution of the measured variable MV. In the figure it can be also seen that the inverter disconnection is within the time defined by the standards [27] . The disconnection time is in this case less than 100ms. Fig. 9 shows the simulation obtained with an R load and an ideal purely sinusoidal grid. The detection time in the case of the resistive load (less than 200ms) is higher than that of the RLC case. It can be noticed that for the R load case the measured variable MV is near its threshold value after detection but it does not provide false detections. In the case when the distortion of this 5th harmonic is higher than 5% islanding detection problems arise.
The detection time of the method is inside the IEEE 929-2000 defined safety margin time. The trip time can be very short and can easily be placed below 200ms.
I. CONCLUSIONS
This work presents a new anti-islanding method based on PLL control. This method is simple and effective. The proposed method uses a modified inverter current reference angle, which disturbs the inverter current by injecting a small second harmonic. When the grid is connected to the PCC, the islanding detection algorithm hardly affects the inverter performance, in terms of current harmonic distortion or reactive power. The method gives numerical information (through the value of a variable MV) about the strength of the connected grid. The simulation results running on a closed loop 6kW single-phase PV grid connected inverter have been exposed. It is worth pointing out that the method has no NDZ and its detection time is low. Despite being a constant disturbance active method, the disturbance is small and does not produce a significant impact on the quality of the power injected to the grid.
